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One of the wor notallurgieal problems associated with cesium sontaat

ionisation for elestris ‘propulsian systems is the porous tungsten ioniser.
Results f both theoretical snd actwal sintering studies indicate that
tungsten sintering is a grain boundary diffusion mechanism. Under this
sjstcn. stability and 1life as an ienizer is less than required for space
applications. |

Present areas of development for porous tungsten ionizers include
studies to overcome these problems as well as the future trends designed
to modify or change the sintering proeess.

I Introduetion

Porous tungsten lonmizers ara a critical problem area in the development
of cesium contact ionization thrustors for space propulsion systems. Electric

propulsion, as exemplified by a contact ionization source has several poten-

! tials for futwe space missions., These include station keeping, instrumented

probes to other planets of the solar system, lunar ferries, and also manned

; planetary missions. (Refs. 1, 2)

An electric space thrusting unit will consist of an eleotric power

generating souree, an electric conditioning system, ;Smpell;nt storage and

OF POROUS TUNGSTSN IONIZEZRS FOR OESIWM ¥ 6§ 15502/@_



Leed systen and the thrustor device. A mission feasibility ecmperison ef
electric systems with other space prepulsion systems was resertly performed
by Spencer et al at JPL. (Ref. 3) Gross payload nwu for 15 nissdons
of interest for a chemical, a nuclear and an slectric system are shews in.
Figure 1, taken from referense 3. The "™mo um?né: Jesignation indieates
- den

that the system is incapable of delivering J wel ght to the required
destination or that the delivered gross welght was less than 2000 pounds
for the shemieal system, and 1500 pounds for the nuslear or eslectric system.
The total transit line in days for each system is also insluded. 41l of
these missions san be performed with the slestric aystem, whils 0% to 50%
cannbt be performed by the other two systems.

The specific impulse {er the time in whish an engine dalivers ene pound
of thrust per pound of fuel) is in the range of 300350 seeconds for the

chemical aystem, 800-1000 sesonds for the selid core nuclear system, and
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to the specifis impulse, so that the M gher the specific impulse, the mmller
the thrust and the longer the flight time. Conversely, an increase in
specifie lmpulse deoreases propellent consumption anl inereases payload for
a given vehicle might, 8o that time can be traded for payload weight., Notiee
that longer transit times are required for the electric system as shown in
Figure 1. The exact choice of gystem for any particular mlssion, of ¢ourse,
depends on many factors such as cost, availability, reliability, and required
trajectory and flight time.

Figure 2 depiects a contact ionization engine. Here cesium is vaporized
in a boiler and passes through the thin plates of sintered porous tungsten,

When in contact with the tungsten, the cesium atom loses its outer electron




by bssaming trapped in the lattloe structire of the tungsten. The positively
charged cesium ion is then evaporated off the damstresm surface of the
tungsten ioniser into an electrostatic field crested by the slectrodes, which
accelerates the 1on§ to velosities in the order of 105 meters/ses. This
velosity is approximately 25 tines greater than that frem a ehemioal rosket,
and because thrust ia proportioml t mass flow mate times partiele exhaust
veloeity, the smount or mass of the propellant required for slestris rockets
is many times less than roqni.rod by a chemieal rocket.

Finally, the elestron stripped from the cesium propallant at the icaiser
surface is 1n3ntfd bask into the ion beam after it lsaves the ascelerator
to prc'n#t a build wp of a space chargoa sleud that essentially would sause
locss of thrust.,

There are many desirable structural charscteristics required for a good
ioniser. Besides the necessary strength, corrosion reslistance and high
tenpmfmri propertiss, we must also includs properties whish affest the
ionization process.

1. High purity, sinse most impurities can adversely affect the
surface work funciion.

2. Pore size, since large pores cause a large amount of neutral
atoms to be emitted. These neutral atoms can be iocnized by charge exchange

inside the ion accelerator. When this oceurs; tha resulting ions will £211
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ig 81ieGlrods and cause spuiiering, thus lowering engine
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life. The pore size in the tungsten erdtter should be an:roximately ona
micron or less in diameter,

3. Pore spacing, since large spacing rssults in low current density.

A low current density results in increased engine frontal area and reduced
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pover effigiency, Husmann (Ref. L) considers propsr spacing to be ,7 pores
per squares centimetsr, so that spproximataly two er three microns ssparate
sach pore.
L. Stability, sinse for long duration missions ¢ver 10,000 hours
of operation is required, Any change in the ionizer camnot be tolerated,
#0 that stringent requirements are placed on the porous tungsten. At present,
all the requirements have yet to be satisfied by pﬁtdcr metallurgical téehni’(mu.

Attempis to achieve the proper purity, pore size, and spacing have
apparently been realised by eleutriation and spheroidisation techniques. High
purity hydregen reduced tungsten powdsr of certain particle size distribution
is first plassa aprayed in inert gas to produse the spheriecal particles., The
resultant wide distribution of particles are dlen eleutriated by sir or other
techniques to produse the ons to three micron particles desired.

~ Sphericsl particles are considered capable of being compacted and
sintered to a high undforn dansity; however, ths hardness of the tungaten
spheroids makes sompasting pressures over 50,000 psl nscessary, and the green
strength and handling ability is poor. Sintering characteristics to date
on these compaets are insonclusive, and there is no data on their lonising
properties. Unfortunately, the results avallable on sintering of both
hydrogen reduced and preliminary data on spgherical tungsten powders indicate
a major problem area exists,.

In this paper we will first discuss the results obtained in the sintering
oi nydrogen reduced wungsten powder, varying temperature, time, and particle
size on hydrogstatically pressed powders.

Second, we will discuss the sintering theory as outlined by Kuczynski,

demonstrating that its simplified approaech rust include first a grain




bounury and velume diffusion mechanise and, sscond, sn evaluation of the
neck ﬁdﬂt by eonsidering various packing systenms.

™ird, by the use of these two mejor modifisations, ws will caloulate
sintering rates based on both grain boundary and volume diffusien mechanimms,
We then will demonstrate that the expsrimental data £1t the grain boundary
diffusion model, Using the enzidsrations of Jordan snd Duwes, we shall show
that any graia boundary diffusion mechanisu is unstable, because densification
aotually continues through the first 100 hours. Experimental and theoretical
data inddcate that long life is doubtful for icnizer applications with
perous tungsten without medification.

Finally, we shall show that only by volume diffusion is ioniser sta-
bility insured and discuss some of the methods by which this mschanism can
be cbtained.
II Resulte of Sintering Hydrogen Reduced Tungsten Powder

At the Lewis Research Center urpublished experimental data have been

obtained by K. Saunders and T. Reynolds on the sintering retes of hydreogen
reduced tungsten powder of irregular shape. They used two average particle
size ranges of 1.1 and 0,88 microns and these were hydrostatically pressed
at 25,000 psi and sintered at temperatures from 1L430° - 1660° C. This data
together vith the results of a sintering study carried out by Gerken, Hiltz
of TAPCC are shown in Figure 3 depicting the change 1n
percent of theoretical density againsi sintering tine plotted on a logelog
basis. A1l powders were hydrostatically oressed at 25,000 psi aad sinterea
in a hydrogen atmosphere. Ailthough the data were ovtained from Uwo sources,

excellent agreement is shown between lavoratories for one micron particles

of hydrcgen reduced powder. The method of :lotting damonstraves z straight

o

line relationship betweocn sinteriig temperature and deuslficatvion w to 1UU nours.



Msompanying the temperature-densifiestion rete of ons mierwm particles
is Figure 3A depicting the effect of pmrticle size on density for a sin-
taring temperature of 1930° C, ALl powders were presintered at 1230° ¢ for
6 hours before the high temperature final stater. All rﬁdnlts for this
figure were obtained st TAPCO, Further cxparimtsl results have been
obtained by R. Turk at the Hughes Reseerch Laboratories (Ref. 6) for hydrogen
reduged tungsten powders. Turk's results are showm in Fgure 3B which
depicts the change in density of two pariicls sizes (0.5~-1 microns and
3-3.5 microns) at two sintering temperetures (1500% and 1600° C) for times
to 100 hours, The resulting straight lines as plotted have bsen oxtended
to 1000 hours. 7The density slope versus time is comparable te the other
investigations {(Figure 3 and 3A) ﬂthin‘tho limitations imposed by differences
in particle =zize, shape, distributions, compact pressure, and sintering
temperatures.

Neone of the figures show the green compacting density starting from a
zero time. These curves originate after either a3 pre-sintering period of
1-6 hours at approximately 1200° G, or allowance is made essentially for
both the eompset and furnace to reach stabilizing conditions.

IIT Sintering Theory

Ge C. Kuczynski has demonstrated the usefulness of applying His
theoretical approsch of sintering to practical results. (Refs. 7, 8, 9, 10)
This application is measurenent of sintered
wires where the neck width between the spherical cross section grows at a
rate commensurate with either a surface effect or a dilfusion rechaniam.

In this paper in application of his theory to sintering of tungsten powders,
ve will only utilize that vortion of Kuczynski's thecry dealing with the

diffusion mechanism. Kuczynski zccounts for two mechanisms, either by
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surfaos or volume diffusion. Although he mentions grain boundary diffusion,
he dees not A fferentiate between volume or grd.n boundary diffusion. Ie
further so simpiifies his sintering model that unless the neek growth can

be Zeasured visually, it is dtiffieult to spply his theery to regular sintering
systams. A short review of Iusyndti’n models is in order so that application
can be made to practical siatering systems.

The prime consideration of Emogynsiki's theory lles in the relationship
of 2 where axn is the neok width mnd "a® 4a te partdele radius, (Figire L)
He aomidora sintering a two-stage pivcess. The firat m;o‘eamidm growth
of the neck X without any decrease 1n center to center distance of the
particles. The second stage ahows a further inoreass in the neck width X
asceompanied by a decrease in inter-particle distance (actual shrinkage).

In order for us to apply his theory, we first must consider the
relationship between several particles in & camplex gysiem and the methods
of packing in this system. This spherical packing has been consldered by
V. T. Morgan in detall. (Ref. 11) He demonstrates two basic methods of
packing whereby all other grsiems oan be considered wmodifications of these
two. Thesa two basic types ars showm in Fizure § and consist of rhombic
(close packed) and cuble (open) packing. Iorgan damonstrates thal by
stacking lgyers of either of thess two systems one on top of the ollier,
various combinations are possible. lowever, it is veyond tne scopz of
thic paper to detall his ..odels. 1In conslderation ol his two obuslilc types,
both the rpore area and porticle contacts wre g.ite dissiiiilar, ant we can
expact sintering effects to ve guite viffercat. .orgo lcworially cxpians
the various packing systzms i. detall in iis paper. {(Ief. 11)

duckworth, in work with copuer anmd liesd cphierss, has ~ecasures the opea

volumes belween the spheres Gurii, sintering aond aisc the aggle of counvact
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forméd to full densifioation, (Ref. 12) MNe found that the arvea of ecentact
betwean spheres of equal diameters increases as the angle <5 increases and
deplots a different angle for esach basic type of po,okiu; Duskworth's
results ¢an be clarified by further considerstion ef Figure 5. Duskworth
measured the mgle 5 betwsen two adjacent particles, as shown, and he found
mcmdmmtmtmm.@dpmﬁhnuﬁ.du

ot s’ 1 )

When the spheres just touch eash other, he sansiders the angle ¢ equal

t0 sero, while the spase between particles is squal o the hatehed area as
shown in Figure 5. The mspace available decreases as the contact angle
ineresases until, st tnll density, the angle famed in rhombic packing equals
60 degrees, whils oublc pasking ¢ equals 90 degrees. Considering in thres
dinensions the two basic siructures, they are then taken by Duskworth inte
the various pasking systems. The results of these two structures are shown
in FPigure 6, together with two other systems of packing. Here he deplats
porosity (volume available), as equivalent density vs. contact angle for
the four systems.

Congidering Duckworth's systems in relation to the packing of tungsten
spherical powder, we note from Figures 3A and 3B that by hydrostatic packing,
approximately 60¢ density is attained. For our considerations, we will use
this packing density to utilize Duckwarth's measurements since tungsten
itself has a body centered cubic gacking system the same as the orthorhombic
packing., Note that the orthorhombic gyster can attain a 60.5% original
packed density.

In order to interrelate Duckworth's models with Kuczynski's, we need

first establish the relation of the angle, the neck width, and the orthorhombic
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puu.nc systes. Bamcally, Duckwerth considers the angle <& being zero at
the start where only interparticle comtact is established, If we consider-
a simple cubie packing system, as shown in Figure 7, then < in this model
mmmammmmmmmm As the neck
meaxm.ﬁunumw.. However, when Duskworth's mgle & shows
90 degrees at full density, for our considerations, the angle formed can
only be -g- or LY degrees. Thersfore, the neck width san enly inncm
between sero and L5 degrees snd the width inerease as

- e
X= @ 7ANV T (2)

where "a" oqnh the redivs,

A preblem pmntl itself in aceounting for shrinkage, i.e., a decrsase
in eontu to center dlstance bctmn particles, whereby both radii are
decreasing while sngle // 1is inereasing. We can eliminate this problem by
tws considerstions, the first being thet the material for the neck width
comes from the area between particles by a grain boundary diffusion mechanism,
as under Xuesynski's theory and, seeond, that his next step will be by
volume diffusion of atoms into the vacancy (woid). We, therefore, will have
s two-rate system, ths slower second (volume diffusion) taking plsce when
the angls /(/ exceeds 30 degrees. In orthorhombic packing this is
squivalent to 81% densiiy and is assumed to be the maximum angle formed
where the variation between the angie and porosity becomes linear.

Under thess twc considerations, if we assume that the neck width X
distance proceeds to fall on an arc formed by the original surface of the
sphere, then both considerations will be satisfied at both 100% density and

at 60.5% density. This sllows both shrinkage (densification) snd neck
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growth to procesd togsthaer., The neck width then, by proceeding along an
are, will vary as

a6 w
XT Zeo & | (3

Ve have caleulated the wkﬁ.dthmdimludndauh-—f—u a fumtion
of densgity by both methods in Tables I and II for particle diaxeters from
0.5 to 5.0 .m-m. The lables axz{w the variation of porosity and density
as ([} insreasea., From sere to 30 degrees, the neck width can be considered
equivalent by both methods. Abave 3 degrees, however, the systems show
deviation whereby the neok width et 100% density for the stralght line
method is 21§ less than that for the arc method.

Ve vill use the arc method for our caloulations using Kuesynsci's basie
theory. Th. camparison of particie diameter and neck width X vs. angle 4
with density are showm im Pigure 7A.

Kuszynski has two ‘tormln for caloulating diffusion sintering:

n

X sexvot
L’.Lf N R (L)

2. Volume diffusion

-z KT (5)

He considers grain boundary diffusicn to ve a part of volume difiusion.
However, Langmuir (Ref. 13) and Le Claire (Tlef. 1) determined tlat for
diffusion of thorium in tungsten, there are three diffusion mecha.isms.
Their results are plotted in Figure 73, where the log of the diffusion rate D

is pletted against the reciprocal of tempersturs, resulting in straight iines.
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They determined that the slope of these lines is equel to the enerzy of
activation of the system Q, where ithe diffusion rates are givem Iy
e
“RT
D= Da e (6)

In eur consideration ef the sintering of tungsten, we have not considered
sintering by a surface diffusion meshanism, not only because of its rapid
sintering rate, but also we are delaing essentially with selfediffusion ef
the tungsten atoms without impurity additions suech as thoyiim as ahown in
the graph.
IV Caloulstion of Neok Width, Density and Pore Volums with Euosynsici's Thesry

Iuczynaki's volume &l ffusion forsula

XS = £00Y é ;@jﬂ; € )

80 that resarranging his volume diffusion yields:

32
O LOCX = L06¢ + Lo¢ /w.) ()
KT

We can show the increase of X (neck width) with time for a particle diameter

at a glven temperature., For example, for a 2 micron diameter particle at

2000° K, for volume diffusion, (D = 2.303 x 10.13 cmz/ sec),

Density

Time X(microns) From Fige L
1 hre, 0,03k 41,02
10 hrs. 0,053 61.5%
100 hrs. 0.0%4 62.5%
1,000 hrs. 0.135 64.0%
10,000 hrs. 0.213 67.0%

By comparison with Tavle II or Figure U, we see that the densivy increased

in 10,000 hours spproximately 6%.




Por grain doundary & ffusion, ve bave utilised the same formula of
Kuozynski except Dz is substituted for Dy, or volums for grain boundary
diffugion, frem Figure 5. Thess theoretisal results for both grain boundary
and volums diffusion at temperatures of 1125%, 1725°, and 2200° C whereby
times up to 16,600 hours ars pletto& against density in Figure 8.

From thess theorstical considerations and from the actual alntering
curve as tnkm from Figure 3B, we ean see that the normal tungsten sintering
system ocan be eonsidered to be by a grain boundary diffusion mechanism. To
further substantiate this, we have calculated uzing Kuesynskits method of
plotting log¢§'vs. the log of time in howrs, for 0.5 micron diameter particles
at temperatures of 1152°, 1752°%, and 2200° C and plotted these resilts in
Figure 8A. Comparing these rates with Hughes data for 0.5-1.0 uicren
dlameter particles at 1660° G supports a grain boundary diffusion mechaniam,

Caution, however, must be taken since rone of the data is complete
beyond 100 houra. From theoretical conalderations, we should see a rate
chenge as previocusly mentioned at approximately 80% density. This rate
change would demonstrate the onset of 2 volume diffusion mechanism, Ve
have plotted 2ll grain boundary M ffusion rates even over B80%Z density as
straight lines (contrary tc theory) where they actually should demonstrate

a lower rate change to accommodate PForgan's and Duckworth's approach. Essen-
18lly; we need further substantiating dat Q he the tical aupreach
can be considered accuraie., The same sintering dota taken to 25U hours,
especially for the 0.8 micron diameter narticlies, should demonstrate this
rate change.

A further methed of visualizing the relationship between effect of

density, time, temperaturs, and rnerticlc size is that of Jordan and Uuwez

(Ref. 15) where they plot the relation of log time vs. the reciprocal of the
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temperature for varicus values of sigm ( ). 4n approximate sst of straight
lines result. They define O as the relation between theoretioal, pressed
and sintered density, |

. Ak
0 - ,c___DP (9)

myvpautmtﬂxammmt densification t0 be a simple rate process
bshaving ascarding to a relation of the type

Lo G/L) - Q/,l_ _L) (20)
.. rRIT 7,
The relations , Dg, Dg ~ Dp and density are shown in Table III.

Figure § shows both the Hughes data for 0.5-1.0 microns and thomﬁ.ui
caloulations for 1 micren particles plotted in this manner assiming a grain
boundary diffusion mechariam (without any rate chmnge to volums diffusion).

Mgure 10 shows the theoretical volume diffusion mechsniem for
12 meron diameter particles, demonstrating but alight densification over
10,000 hours,

The usefulness of this type plot can be shown by first censidering
Figure 9, which is the actual sintering data. If we consider starting with
& 70% density at 1267° C, then the time to proceed to an 80% density can
be shown to be (300-100 hours) or 200 hours. Similarly, at 1062° C from
70 to 80% density would take approximately 500 hours.

If we consider the theoretical grain boundary diffusion mechanism for
the 1 micron dismeter particles in Figure 9, then to again proceed from a
70 to B0% density at 1267° G (100=6) would take 9k hours, wiile at 1062° C
(600-60) the time would be 54O hours.

Under volume diffusion, however, as shown in Figure 10, there would be




no apprecisble density incresse at either 1267° C or 1062 C fer times to at
least 10,000 hours.
V Discussion of Results

It has been demonstrated that vsing & modified Kussynski appreach,
sintering of beth spherical and hydrogen reduced tungsten powder procesds
aceording to a grain boundary diffusion mechardem. There is insuffistent
data to demonstrate whethsr s volume diffusion mecharisa takes place over
80X density. Howsver, it does show that for porous tungsten sintered below
80% density, st temperatures of 1100% - 1300° O further densification will
take plase, which will urt-ainly affest the properties as a sesium gentact
fonigstion source since, basically, an increase in demity is accampanied
by a decrease in porosity.

Unpublished data by N. T. Saunders and T. W. Reynolds of NASA measured
Wmmnmmtmudmmutho gas and found that the
coefficient decresses rapidly above 85% density for both camsercially made
and NASA hydrogen sintered porous tungsten plates. Figare 11 depicts pert
of their data showing that densification affests the transmission coefficient.

The transmission coeffiecient C as defined is:

¢ w» YNass departure rate (11)
Mass arrival rate

This figure shows essentially zero permeable porosity over 88% density.
Generally, the transmission coefficient "s constant below 10 MM Hg,
which is the level generally used for ion propulsion, sc that flow can be
congidered in the freec~molecular range through the porous bungsten plug.
Since there is indication of further sintering with time even at
ionizing temperatures, any change in transmission coefficient can be shown

to affect the current density. (Refs. L, 16, 17)
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If the transmission soefficient is known, the current density sffest
can be estimated by

4 = 490C 2 = A s/cm (a2)

The effest would be to lower not only the surrent dmsity but also to
decreass the diffusion rate of sesium atoms onte the surfase of the tungaten.

Accompanying eny change in density is shrinkage and, as ausch, it bacomes
problmtﬁad whether oracling will take piaca before any system changs to
volume diffusion rate is possitle.

The major cansidersation then becores one of attaining volupe dif fgion
by changing or medifying the sintering aystem, This possibility is feasible
along several avenues of approach.

1. Orain boundary removal by essentislly redusing the recrystale
lisation temperature of the tungsten. This includes the addition of a sacond
metal chosen sc that ths surface ionlzation propertles would not change.
Essentially, the addtion should have solid solubility in tungsten and the
amount added would normally be slight, probably less than 1%.

2. Utilizing dffusion rate effects by the addition of a second
metal from Group IV of the Periodic Table. Hers, the metal (by diffusing mors
rapidiy into tungsten than tungsten into the metal) =ill, depending on the
composition (pereant) hopefully stabiliza the system. The tantalum-tungsten
gystem has demongtrated not only this diffusion effect but dlso porosity is
at a maximm at epproximately equal atomic percentages.

3. Adding an eutectic forming metal which would affect the
sintering rate. Again, any additions would, of necessity, be minimumy however,
a careful exanination of this technique might deronstrate the opposite effect,

whereby diffusion sintering might continue as & grain boundary mechanism.
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4e Adding dispersed phase hard particle additions which are
inscluble in tungsten. Mest earhides, nitrides, and oxidss appear to have
elthar lowsr work functions or else they are uninown, (Ref. 18) Lower work
funetion materials may affect ienization but hopefully the hard particlies
vill exiat at the grain boundary spex and rot affeect the ionization process.
It muat be pointed cut, however, the necessity of abtaining 0.1.0.2 micren
particles insoluble in tungsten with Mgh werk fumctions and probably
existing as rmitrates ar acetates for simplieclty of addition. These becoms
eomewhat diffisvlt te find,

S+ liquid phaee sintering has possibilities by utilisming the
solution e Kivkendah) effect of a tmluble metal in a liquid phase carrier.
This gystem shows potential methods of producing stable ionisers thst htﬁ
no press or size limitation, mor is it necessary to use spherical powder,
hence, costis would be minimm, It is felt that the desired pore size could
ge achieved provided that both the scluble metal and the carrisr can be
complaetely renoved in a vacuum evaporation technique.

These attempts at modificatim are, in one form or another, in the
process of being experimentalir evalnated at several dfferent laboratories.
iiopefully, the stebility and life of a porous tungstcn icnizer will be
achieved by these studies.

VI Summary

Corparison has been made between actual sintering rates of tungsten
nouder in the .5 to 15 micron diameter size range and a theoretical model
based on graln boundary diffusion rates. The modsl was shown Lo result in
similar retes as actuelly obtained by several investigators. Applicetion

g

f these rates to the porous tungsten struciures used as ionizing suriaces

(v}
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in electric Wwustors would indicate that further densifisation wowld socur
st ths temperstures of operation. This further densification was shoun to
be detrimental to thrustor performance and for required mission times
sxpsated in the futurs oould lead to compleie alogging of the pores and
cessation of thrust. Possible mathods were digoussed that Mt be aﬁlcm
to alow these sintering rates to cbtaln time.temperature stability in an
electric thrustor envirenment. | |
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APPRNDIX - SYMBOLS

radivs of partiele « om,

area of porcus medium u!

volume diffusion cosffisient « ca/sec.

grain boundary diffusion coeffieient - om/sec.

. diffusion pmc‘hnt

denstty after sintering - gas/ec.
density after pressing, before sintering - gns/ec.
interatemis distance - We 2.7 4 » 2.7 x 100 om.

- gurface tension of W = 1900 dynes (theoretieal)

Boltsman's constant « 1,375 x 10" arge/deg. = dynes en”}
nolecular weight

mean absoluts pressure of gas in chamber - MM Hg
desrement of pressure in S ¢ seconds - MM Hg

energy of activation = 135,000 K cal for velume diffusion

gas constant . 82,056 °;° ;11.) or 8.317 x 107 ergs/mole deg.
temperature °x

time - seconds

density of the solid - gms/cc.

volume of gas in test chamber - m3
densification constant - dimensionless

angle formming contact betwsen spheres - degrees
neck width - em.

angle forming width of neck -« degrees

atanic volume - W = 9.53 cu em/g - atom
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